We demonstrate the application of a fiber-coupled quantum-dot-in-a-tip as a probe for scanning electric field microscopy. We map the out-of-plane component of the electric field induced by a pair of electrodes by measurement of the quantum-confined Stark effect induced on a quantum dot spectral line. Our results are in agreement with finite element simulations of the experiment.
Motivated by a desire to measure the electronic properties of surfaces and nano-objects, many nanoscale electric field sensors have been developed over the years. Electrostatic force microscopy (EFM) 1,2 , scanning Kelvin probe force microscopy (KPFM) 3 , and scanning single electron transistors (SETs) 4,5 have already established themselves as sensitive electric field detectors reaching sub-elementary charge sensitivity and sub-nanometer spatial resolution. More recently, single defect centers in diamond were also used to detect AC electric fields at room temperature 6 and a scanning tunneling microscope (STM) functionalized with a single molecule was used to image the dipole field of an ad-atom on a surface 7 . In transport experiments, gate-defined quantum dots (QDs) have been employed as single charge detectors 8, 9 and self-assembled QDs have been employed as all-optical electrometers, demonstrating a sensitivity of 5 V/(m · √ Hz) 10 . These kind of QDs were also used to determine the position of single defect charges within 100 nm of a QD with a precision of 5 nm 11 . Electric fields in QDs produce large Stark shifts, which, due to a built-in electric dipole, are nearly linear around zero field. Nevertheless, a scanning electric field sensor based on an optically active semiconductor QD has not yet been realized. Such a scanning probe has the potential for a very large bandwidth, which unlike electronic and mechanically addressable sensors, is limited only by the spontaneous emission rate of the QD and could therefore approach the GHz range.
Here we show the proof-of-principle application of an optical fiber-coupled semiconductor QD as a scanning electric field sensor. By tracking the induced energy shift on the peak of a single transition of a QD, we are able to map the vertical component of an external applied field. Our device is composed of a self-assembled InAs QD located in the tip of a fiber-coupled GaAs photonic wire. The QD emits preferentially into the waveguide mode, which expands adiabatically through a tapering of the photonic wire and ensures good out-coupling 12 . The design of the photonic wire ensures both efficient guiding of the QD fluorescence as well as proximity of the QD to the sample, which is a necessary condition for scanning probe microscopy. With the help of numerical simulations, we also show the unavoidable perturbation of the external field due to the dielectric nature of the probe, pointing toward geometric improvements to reduce this effect and increase the sensitivity of the device.
The photonic trumpet used here is obtained through an etching process carried out on a GaAs wafer containing a layer of self-assembled InAs QDs grown by molecular beam epitaxy 12 . The layer of QDs is located at z dot = 110 nm above the bottom facet. The
Gaussian intensity profile obtained at the top facet of the 11-µm-tall wire structure enhances the coupling of the QD emission directly into the single-mode fiber 13 . We select a wire with a top diameter of 1.64 µm, and a bottom diameter b = 350 nm. The wire is then cleaved from the substrate under an optical microscope using a micro-manipulator. Using the same apparatus, it is then transferred and glued to the core of a single-mode optical fiber. Optimal coupling is obtained by centering the wide top facet of the photonic wire onto the core of the fiber 14 , as shown in Fig. 1a . The final device constitutes a reliable fiber-coupled source of single photons with a photon collection efficiency of ∼ 6%, which is an order of magnitude better than directly coupling the fiber to a QD in bulk GaAs.
In order to investigate the performance of our probe as a sensor of electric field, we mount it in a low-temperature scanning probe microscope. The QDs at the end of the photonic wire are excited non-resonantly with a CW laser diode at 830 nm, which excites carriers directly in the wetting layer and avoids heating of the GaAs wire 
where ξ 0 is the unperturbed energy; p (p ⊥ ) is the static electric dipole of the QD exciton parallel (perpendicular) to the wire axis; and β (β ⊥ ) is the polarizability of the QD exciton parallel (perpendicular) to the wire axis. The electric field at the QD location r is the sum of two components E( r) + δ E( r), where the first term is due to the field applied across the electrodes and the second term is due to charges trapped in the vicinity of the QD.
, where α( r) is a position dependent proportionality constant, which describes the spatial configuration of the the electric field produced by the split-gates and the dielectric wire. δ E( r) describes a random electric field that changes upon the reorganization of charges near the QD.
It is important to note that the presence of the photonic wire, due to its dielectric nature, reduces the field at the QD position and significantly perturbs the external applied field.
In the simplest approximation, a thin dielectric cylinder with a uniform and unidirectional polarization strongly suppresses electric fields applied perpendicular to its long axis, while leaving parallel fields largely unchanged. An analytic model of a conical section matching our photonic trumpet geometry, as well as a more realistic finite element calculation, show that the wire's narrow radial cross-section results in an efficient screening of E x , while E z is less affected (see Supporting Information). At the QD position z dot = 110 nm above the bottom facet, this directional screening effectively projects the unperturbed electric field alongẑ. The magnitude of the effect depends on the diameter of the facets, the length of the wire, the position of the QD, and the direction of the field with respect to the long axis of the wire. This screening, as well as a distortion of the electric field outside the photonic tip, are shown in simulations of our experimental electrode geometry in Fig. 2 . In our experiment, the field at the dot position reaches values of 60% and 20% of the applied external field in theẑ andx direction, respectively.
We map the spatial dependence of the electric field produced by the gates by scanning the photonic wire tip and sweeping the applied voltage at every position. We scan above one electrode, where the electric field points nearly exclusively alongẑ. Given the direction and the preferential penetration of the field in theẑ direction, we can assume E x to be negligible in this region. E y vanishes due to the symmetry of the electrode structure. Given that E = E z + δE z and E ⊥ = (E x + δE x ) 2 + (E y + δE y ) 2 , (1) becomes:
Note that both the constant and linear terms in E z depend on the random electric field due to charging effects. The quadratic term, on the other hand, depends only on the polarizability along the wire axis.
By collecting PL spectra, we measure the dependence of ξ on both voltage and position in the xz-plane. The measured QD exciton energies show a parabolic dependence on V 1 with an offset a 0 , a linear coefficient a 1 , and a curvature a 2 , each depending on position in the xzplane, as seen in Fig. 3 a) . As expected from the dependence of the constant and linear terms emitted light and n the index of refraction of the wire, in order to ensure maximum reflection in the upward direction. In general, there is a natural trade off between a scanning probe tip which minimally perturbs the electric field and one that optimally guides the sensor emission.
In conclusion, we demonstrate the application of a fiber-coupled semiconductor QD as a scanning probe for electric field sensing. The probe QD resides at the apex of a sharp 
